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Abstract

Chondrules in undifferentiated meteorites are former silicate melt droplets of variable texture and composition. Although
widely studied, the chondrule formation mechanisms and conditions that explain all properties of chondrules are yet to be
identified. To further constrain the processes that affected chondrules in the solar nebula and on the meteorite parent body,
we determined in situ Si isotope ratios and major and trace element compositions of minerals in chondrules of variable types
and sizes from the Allende CV3 chondrite.

The 5°°Si in chondrule minerals ranges from —1.28 & 0.19 to 0.55 £ 0.20%o (2SE). The 5°°Si in chondrules shows no direct
relationship with chondrule sizes or with distance between core and rim. Barred olivine-rich chondrules record the highest
5°Si, likely because of faster cooling and less interaction with isotopically light nebular gas. Type I non-porphyritic and some
porphyritic chondrules show overall higher 5°°Si compared to type II porphyritic chondrules. Furthermore, Mg-rich olivine
and Mg-rich pyroxene have systematically higher 5°°Si compared to Fe-rich olivine and Fe-rich pyroxene.

The variable 6°°Si of type I chondrule silicates (Mg-rich) compared to type II chondrule silicates (Fe-rich) may be
explained by variable interaction of chondrule silicates with the nebular gas in the solar nebula. We envision a combination
of equilibrium and kinetic isotope fractionation of Si between nebular gas and Fe-poor silicates (such as forsterite, anorthite,
enstatite and mesostasis) and Fe-rich olivine and orthopyroxene. Petrographic evidence suggests that the enrichment of Fe in
some highly altered porphyritic chondrules and at chondrule rims was likely caused by hydrothermal alteration on the parent
body. Therefore, the correlation of Fe and 5°%Si of the chondrule minerals might serve as an indicator for the extent of further
secondary processing of some chondrule minerals. The sum of these observations suggests that the formation and alteration of
type II chondrules occurred by oxidation of originally reduced, metal-rich type I chondrules, both in the solar nebula and later
on the meteorite parent body. Remaining >°Si depleted gas contributed to the isotopic composition of matrix silicates. The
evidence favours the formation of chondrules and matrix of the Allende meteorite in nebular settings rather than by asteroid
impacts.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http:/
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Chondrules, few hundred microns to mm- sized silicate
spheres, are one of the major constituents of undifferenti-
ated meteorites, contributing 15-70 vol% to all but CI car-
bonaceous chondrites (Scott and Krot, 2003). Various
models of chondrule formation were proposed such as the
X-wind model, gravitational instability driven by shocks,
bow shocks from planetesimals or lightning in the solar
nebula, and hypervelocity impact (Shu et al., 1997; lida
et al., 2001; Ciesla and Hood, 2002; Desch and Connolly,
2002; Morris and Desch, 2010; Johnson et al., 2015). How-
ever, no single model explains all experimental and observa-
tional data on textures, chemical compositions, and isotope
records of chondrules (Desch et al., 2012). Thus, conditions
and mechanisms of chondrule formation are highly debated
since decades (Boss, 1996 and references therein). Element
ratios (Mg/Si, Fe/Mg) and isotope ratios of various ele-
ments (W, Cr, Mg, Fe, Si, O) in chondrules appear to sup-
port the chondrule formation from variably processed dust
in the solar nebula (Cohen et al., 2004; Chaussidon et al.,
2008; Hezel and Palme, 2010; Hezel et al., 2010; Budde
et al., 2016; Friend et al., 2016; Olsen et al., 2016).

Chondrules are mainly composed of olivine and pyrox-
ene, and thus abundances and isotope compositions of their
major elements Si, O, Mg and Fe potentially contain impor-
tant information on nebular and parent body processing of
chondrules. Previous studies suggest that the stable isotope
variations of Si, O, Mg and Fe in chondrule minerals arise
from high temperature processing of chondrule minerals,
gas-melt interaction in the solar nebula, and during parent
body alteration processes (Young et al., 2002; Chaussidon
et al., 2008; Hezel et al., 2010; Kereszturi et al., 2014;
Harju et al., 2015; Friend et al., 2016; Villeneuve et al., 2020).

Previous Si isotope data from individual chondrules of
carbonaceous chondrites show large variations in °°Si
from —1.14%o to 1.19%0 (Molini-Velsko et al., 1983; Hezel
et al., 2010; Armytage, 2011). While the large uncertainties
(£0.4%0) associated with some of the early data limits the
interpretation of the apparently large °°Si range, the
favored explanation is evaporation and re-condensation
processes and open-system isotope exchange during chon-
drule formation. During the latter processes, pyroxenes
likely formed by reaction of olivine with nebular gas
(Krot et al., 2004b; Libourel et al., 2006; Chaussidon
et al., 2008; Hezel and Palme, 2010; Friend et al., 2016),
and this may have further modified 6°°Si values of pyroxe-
nes during cooling (Harju et al., 2015), similarly as for O
isotopes (Chaussidon et al., 2008; Tissandier et al., 2002).
Lower 6°°Si of pyroxenes compared to olivines in type
1AB chondrules (type 1 chondrules contain mainly Mg-
rich olivine (A) and Mg-rich pyroxene (B)) from Allende
(CV3) and EET 87747 (CR2) were interpreted to reflect
preferential incorporation of isotopically light Si from gas
into pyroxenes (Harju et al., 2015). However, not all type
1A chondrules (containing primarily Mg-rich olivine) are
isotopically heavier than type 1AB chondrules (Armytage
et al., 2011), which might indicate isotopic heterogeneity
of the chondrule precursors. On the other hand, initial
heterogeneity of Si isotopes in chondrule precursors was

ruled out in previous studies due to limited Si isotopic vari-
ations compared to CAls (Molini-Velsko et al., 1983; Hezel
et al., 2010; Armytage et al., 2011).

Previous experimental studies suggested that different
chondrule textures (such as porphyritic, barred and radial
textures) can be a consequence of variable cooling rates.
The order of cooling rates in chondrules of different tex-
tures is, porphyritic < barred < radial (Hewins et al.,
1981; Lofgren and Russell, 1986). The impact of the differ-
ences in the cooling rates on the stable isotope fractionation
in chondrule minerals was not studied in detail yet.

A systematic inverse relationship between 6°°Si and chon-
drule size in Dhajala (H 3.8) observed by Clayton et al. (1983)
suggests a role of partial evaporation of Si from chondrules
or compositional variations in precursor material. Thus, dif-
ferent formation settings, physical and chemical processes
during the formation and cooling of chondrules, as well as
alteration on the meteorite parent bodies may be reflected
in the stable isotope ratios and abundances of major and
trace elements in chondrules (Misawa and Nakamura,
1988; Hezel and Palme, 2008, 2010; Hezel et al., 2010;
Armytage et al., 2014; Harju, 2015; Pringle et al., 2017).
Understanding the role of isotopic heterogeneity in the pre-
cursor material, kinetic or equilibrium fractionation during
evaporation and re-condensation processes, isotope-
exchange during gas-melt interaction in the solar nebula
and during parent body alteration processes for 6°°Si in
chondrules and their minerals would benefit from data
obtained on chondrule phases at high spatial resolution.
Here, we present in situ silicon isotope ratios and correspond-
ing major, minor and trace element abundances of chondrule
silicates from 21 chondrules of different types and sizes from
the carbonaceous chondrite Allende (CV3). The data yield
new constraints on relationships between chondrule type,
origin of isotopic and chemical variations and heterogeneity
of precursor materials.

2. SAMPLES, DESCRIPTION OF CHONDRULES AND
METHODS

2.1. Samples

All chondrules analyzed in this study are from a thin sec-
tion (area ~ 4.9 cm?) of the mildly shocked (S1) Allende
meteorite, a member of the oxidized CV subgroup
(McSween, 1977) and petrologic type 3.2 (Guimon et al.,
1995) or 3.6 (Huss and Lewis, 1994) or > 3.6 (Bonal et al.,
2006), corresponding to metamorphic temperatures
of > 873 K. Twenty-one chondrules of different textures
and types were selected following the classification from
Gooding and Keil (1981). Chemical compositions, mineral-
ogy, and a brief description of the chondrules are given in
the following sections and are summarized in Tables 1 and 2.

2.2. Description of chondrules

2.2.1. Non-porphyritic chondrules

Three barred olivine chondrules (BOC), a chondrule
with composite textures (CTC) and a radial pyroxene chon-
drule (RPC) were selected for Si isotope analysis (Fig. 1).



Table 1
Major and minor element concentrations and 8°Si values of non-porphyritic chondrules in the Allende CV3 chondrite analysed by fs-LA-ICP-MS. Chondrule texutre/type, size and location of
analysed spots in the chondrule is given (also shown in the supplementary Figs. 1-3).

Analysis ID  Type / Chondrule Analysed Distance K Co Mg Ca Mn Al Si Fe Ni Na 5°Si 2SE 8%Si 2 SE
Texture size phase from rim  (pg/g) (nglg) (wt%) (wt%) (wt.%) (wt%) (wt.%) (wt.%) (wt%) (wt.%) (%o) (%0)
(mm)
BOC
CH2-1 type /BO 1 mm Mes 0.35 1027 49 13.1 7.4 0.05 9.2 21.2 1.8 0.12 1.08 —-0.05 0.12 -0.23 0.16
CH2-3 Fo 0.08 802 62 29.0 0.9 0.03 1.6 20.4 1.7 0.17 0.56 0.25 0.18 0.55 0.20
CH2-4 Fo + Mes 0.25 665 108 23.1 3.6 0.05 5.5 18.8 2.7 0.31 0.88 0.18 0.20 046 0.19
CHS-2 type /BO 1.1 mm Ol + Fo + Mes 0.18 1393 233 18.8 38 0.06 5.8 20.4 39 0.62 1.79 0.09 0.17 0.12 0.10
CHS-3 Fo + Mes 0.42 2646 215 18.5 6.4 0.04 6.9 20.4 1.3 0.25 0.52 0.10 0.18 0.27 0.13
CH8-4 Ol + Fo + Mes 0.16 1176 95 17.0 5.9 0.03 6.4 20.8 2.6 0.22 1.74 0.14 0.16 0.21 0.11
CH8-5 Ol + Fo 0.05 188 119 26.2 0.9 0.07 0.8 19.8 7.9 0.31 0.11 0.05 0.12 0.08 0.12
CHB-6 Ol + Fo + Mes  0.37 992 49 18.3 6.0 0.04 6.2 21.0 2.0 0.08 0.72 0.25 0.15 042 0.12
CHB-7 Fo + Mes 0.11 635 61 19.9 5.9 0.03 5.6 20.6 1.8 0.13 0.51 0.19 0.15 0.19 0.13
CHI11-1 type /BO 1.4 mm Ol + Mes +Fo  0.15 1094 91 14.3 6.6 0.04 7.6 21.1 3.7 0.20 1.07 0.04 0.13 0.24 0.16
CH11-3 Ol 0.39 563 177 17.8 1.8 0.10 2.6 18.2 17.2 0.32 0.30 —0.18 0.16 —0.38 0.18
CHI11-4 Mes 0.11 489 28 5.6 12.3 0.04 12.7 21.3 0.9 0.12 0.99 0.03 0.14 0.23 0.18
CH13-1 type I/BO 1.3 mm Ol 0.02 42 154 20.1 0.4 0.10 1.0 16.4 21.5 0.11 0.03 —-0.07 0.10 -0.29 0.12
CH13-2 Ol + Mes 0.43 172 216 18.5 3.7 0.04 4.8 17.1 12.7 0.34 0.15 -0.19 0.16 -0.13 0.15
CH13-3 Ol + Mes +Fo  0.18 52 157 17.1 2.6 0.07 1.8 16.8 21.3 0.17 0.03 -0.16 0.10 —-0.27 0.12
CH13-5 Ol + Mes +Fo 0.2 30 64 24.0 1.5 0.04 1.4 17.1 13.8 0.06 0.06 0.00 0.14 0.02 0.14
CH13-6 Ol + Mes +Fo  0.63 21 25.0 2.0 0.03 2.3 19.3 7.3 0.02 0.09 -0.25 0.13 -0.39 0.17
CHI16-1 type I/BO 1 mm Fo + Px 0.12 1086 129 22.5 2.2 0.07 3.5 20.5 5.1 0.49 0.86 0.14 0.15 0.24 0.13
CH16-2 Fo + Px 0.37 1721 304 22.5 2.4 0.08 44 19.7 4.0 0.78 1.23 0.07 0.12 0.02 0.12
CH16-3 Ol 0.05 102 165 23.0 0.4 0.10 0.5 17.1 17.3 0.29 0.09 -0.18 0.11 -0.12 0.14
CH3-2 RPC 0.9 mm Px 0.06 866 335 19.2 34 0.07 3.8 20.0 8.7 0.54 0.36 0.07 0.19 0.13 0.16
CH3-3 Px 0.27 669 68 19.0 5.1 0.04 4.6 22.7 1.8 0.19 0.27 —-0.08 021 —0.13 0.15
CH3-4 Px 0.02 550 236 19.1 4.8 0.06 4.0 20.5 5.8 0.88 0.23 —-0.12 021 —-0.35 0.16
CH3-6 Px 0.09 802 66 19.0 44 0.05 4.5 22.8 2.5 0.22 0.34 0.01 0.19 0.03 0.15
CH3-7 Px 0.16 832 134 19.9 4.9 0.05 4.0 22.3 24 0.34 0.25 0.01 0.17 -0.13 0.15

Precisions of element mass fractions are better than 10% (1 SE).
The long-term external reproducibility §°°Si values is <0.23%o, 2 SE). bdl = below detection limit.
Ol = olivine (Mg, Fe),SiO,4, Fo = forsterite (Mg;Si0O,4), Mes = mesostasis (variable mixture of pyroxene, feldspar and glass), Px = pyroxene, alt = alteration veins.
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Table 2

Major and minor element concentrations and §°°Si values of porphyritic chondrules in the Allende CV3 chondrite analysed by fs-LA-ICP-MS. The analytical precision of element concentrations is
less than 10% (1 SE). The long-term external reproducibility of 8*°Si values is < 0.23%o, (2SE).

Analysis ID  Type / Chondrule Analysed Distance K Co Mg Ca Mn Al Si Fe Ni Na 5Si 2SE 8%Si 2SE
Texture size phase from rim  (pg/g) (ng/g) (wt%) (wt.%) (wt.%) (wt.%) (wt%) (wt%) (wt.%) (wt.%) (%o) (%o0)
(mm)
CH4-1 Type /POP 1 mm Fo +Mes +0l 0.12 614 200 24.2 2.03 0.05 2.37 19.0 7.6 0.32 0.79 -0.09 020 -0.16 0.17
CH4-2 Fo + Mes 0.44 352 38 24.3 3.49 0.02 3.69 20.9 1.5 0.05 0.31 0.29 0.13 0.32 0.19
CH4-3 Mes 0.28 545 28 11.0 10.17  0.04 10.39 199 1.8 0.04 1.05 —-0.23 0.15 -0.68 0.20
CH4-4 Fo + Mes +0O1  0.05 1646 48 23.2 1.83 0.05 2.74 20.4 5.9 0.07 1.17 0.01 0.12 -0.11 0.13
CH4-6 Fo + Mes +0O1  0.09 853 70 20.0 3.56 0.04 445 19.9 5.7 0.13 1.88 —-0.18 0.13 -0.43 0.14
CH4-7 Fo +Mes 0.38 58 23 25.1 4.13 0.02 4.31 19.5 1.4 0.02 0.16 0.09 0.13 0.05 0.16
CH4-8 Ol + Mes 0.14 1807 845 12.2 393 0.07 5.61 16.5 17.2 2.01 1.42 -0.14 0.21 -0.32 0.17
CH5-2 Type I/POP 1.1 mm Mes 0.13 729 377 14.2 2.59 0.15 6.24 19.8 114 143 0.40 —-0.43 0.17 -0.83 0.11
CH5-3 Fo 0.37 238 27 29.5 0.69 0.08 0.72 20.2 3.6 0.06 0.19 0.13 0.19 0.13 0.17
CH5-4 Mes +O0l1 0.05 255 322 16.0 1.71 0.12 442 214 10.2 1.05 0.74 -0.32 0.17 -0.62 0.13
CH5-5 Fo + Mes +0O1  0.16 335 86 26.7 1.20 0.09 1.30 20.1 5.5 0.28 0.25 0.10 0.16 0.04 0.13
CHS5-6 Ol 0.03 410 402 14.2 1.53 0.13 2.61 16.7 23.1 1.17 0.16 -0.29 0.14 -0.76 0.12
CHI10-2 Type /PP 1.3 mm Fo 0.12 171 48 24.7 0.70 0.14 0.72 234 4.4 0.13 0.04 -0.22 0.15 -0.57 0.14
CH10-3 Mes +Ol 0.43 619 128 13.1 5.46 0.13 6.16 232 3.1 0.44 2.80 —-0.15 0.14 -0.45 0.13
CH10-4 Mes +0l1 0.38 522 121 16.7 3.38 0.12 4.48 239 3.6 0.56 1.18 -0.17 0.15 -0.37 0.16
CH10-5 Ol 0.05 149 78 20.6 0.86 0.16 1.11 24.2 7.5 0.17 0.05 —-0.32 0.13 -0.37 0.12
CH10-6 Px 0.23 220 32 25.0 0.72 0.13 0.89 23.6 3.5 0.07 0.09 -0.08 0.16 -0.16 0.15
CHI10-7 Ol 0.05 100 59 21.8 0.64 0.16 0.80 23.7 7.6 0.08 0.03 -0.26 0.12 -0.59 0.13
CH7-1 Type /PO 0.96 mm Fo 0.07 bdl 44 30.7 0.41 0.03 0.22 20.1 3.6 0.05 0.01 0.16 0.16 0.07 0.13
CH7-2 Mes 0.31 214 255 19.8 2.30 0.07 1.41 17.9 16.9 0.45 0.05 -0.24 0.17 -0.53 0.16
CH7-3 Fo 0.1 35 45 29.9 0.49 0.04 0.40 20.6 3.4 0.09 0.02 0.05 0.15 0.00 0.14
CH7-5 Ol 0.17 bdl 41 29.7 0.39 0.06 0.29 19.6 5.6 0.04 0.02 0.13 0.13 0.09 0.12
CH15-2 Type I/PO 1.4 mm Ol 0.17 83 75 28.9 0.43 0.07 0.61 19.1 6.8 0.12 0.03 -0.15 0.14 -0.35 0.17
CH15-3 Mes 0.38 456 24 17.8 6.61 0.02 6.84 20.8 1.6 0.05 0.56 0.00 0.15 0.11 0.16
CH15-4 Ol 0.32 231 135 27.4 0.60 0.06 0.87 19.0 7.8 0.28 0.15 0.04 0.14 -0.12 0.17
CH15-5 Ol 0.08 163 115 27.1 0.71 0.06 0.87 18.6 8.9 0.21 0.11 0.05 0.12 0.08 0.13
CH15-7 Ol 0.13 186 103 25.8 0.69 0.08 0.78 19.5 9.2 0.17 0.12 -0.12 0.10 -0.19 0.12
CHI17-1 Type I/PO 0.5 mm Mes + Ol 0.19 1296 112 21.7 2.20 0.11 3.06 20.7 6.5 0.25 0.88 -0.23 0.14 -0.35 0.14
CHI17-2 Mes + Ol 0.07 454 163 23.3 1.30 0.10 1.61 20.1 9.1 0.44 0.27 —-0.01 0.12 0.12 0.12
CH18-1 Type /PO 0.7 mm Ol 0.03 77 79 26.5 0.18 0.05 0.33 20.8 7.8 0.11 0.03 —-0.09 0.20 -0.31 0.16
CHI18-2 Fo 0.05 62 67 28.3 0.25 0.06 0.62 18.6 8.7 0.06 0.02 —-0.02 0.13 -0.09 0.14
CH20-1 Type /PO 0.88 mm Fo + alt 0.07 399 455 2646  2.77 0.03 2.27 18.30 4.98 1.06 0.34 0.18 0.16 0.02 0.14
CH20-2 Fo 0.25 bdl 1 33.07 0.53 0.06 0.20 20.23 046 bdl 0.01 0.23 0.12 0.11 0.14
CH20-3 Fo + alt 0.09 bdl 43 31.16  1.00 0.03 0.58 19.59 2.8l 0.05 0.01 0.16 0.12 0.14 0.14
CH21-1 Type I/PO 0.86mm Ol + Mes 0.11 70 292 12.6 0.99 0.15 2.33 14.6 31.0 0.44 0.08 —-0.28 0.11 —0.54 0.10
CH21-2 Fo + Ol 0.29 502 78 26.2 1.36 0.06 1.18 20.8 52 0.16 0.35 -0.07 0.14 -0.05 0.12
CH21-3 Fo 0.36 62 122 31.5 0.40 0.03 0.43 19.9 2.5 0.13 0.05 0.01 0.14 0.06 0.15
CH21-4 Fo + Mes + Ol 0.19 798 142 22.9 1.00 0.08 1.96 18.7 11.5 0.23 0.62 -0.05 0.10 -0.13 0.11
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CHI1-1
CH1-2
CH1-6
CH1-7
CH1-8
CH6-1
CH6-2
CH6-3
CHo6-4
CH6-5
CH6-6
CH6-7
CH9-4
CH9-5
CH9-6
CH9-7
CHO9-8
CH9-9
CHI12-2
CHI12-3
CHI12-5
CHI12-7
CHI12-8
CH14-1
CH14-2
CHI14-3
CH14-4
CH19-1
CH19-2

Type 1I/POP

Type 1/POP

Type II/POP

Type TI/POP

Type II/POP

Type 1I/POP

~2 mm

1.5 mm

2.0 mm

3 mm

1.5 mm

0.75 mm

Ol + Mes

Ol +Mes

Ol + Mes

Mes

Ol + Mes

Ol + Mes

Fo + Ol + Mes
Px

Ol

0Ol

Fo + Mes + Ol
ol + alt vn

Fo + Ol + Mes
Fo + Ol + Mes
Fo + Ol +Mes
Ol

Ol

Mes

Fo

Fo

Ol

Mes + alt

Fo + Ol

Fo + Mes + alt
Fo + Mes + alt
Ol

(o)}

Ol + Mes

Ol + Mes

0.15
0.4

0.48
0.4

0.28
0.27
0.6

0.43
0.02
0.05
0.48
0.17
0.71
0.74
0.28
0.15
0.16
0.19
0.33
1.09
0.1

0.6

0.32
0.29
0.63
0.1

0.15
0.25
0.18

1040
1115
995
1084
83
176
84
82
69
85
277
359
bdl
52
339
71
85
1641
183
bdl
73
740
126
530
211
101
48
194
144

388
333
331
296
206
260
178
131
353
312
262
339
81

122
99

557
365
166
136
69

279
145
307
253
125
269
239
142
92

11.4
14.0
10.6
9.8

11.3
13.7
17.5
20.7
12.1
11.2
19.1
11.3
222
20.6
17.8
9.6

10.6
10.8
234
29.9
10.8
18.4
16.6
16.1
17.0
12.4
14.5
17.0
17.5

0.95
1.83
1.54
2.44
3.27
1.20
2.36
1.42
1.28
1.44
1.58
1.52
3.08
2.67
2.27
0.52
1.99
4.75
0.57
0.39
0.21
4.42
1.69
1.93
3.23
0.55
0.69
1.61
1.34

0.14
0.10
0.12
0.12
0.16
0.12
0.11
0.09
0.17
0.15
0.10
0.13
0.09
0.10
0.11
0.13
0.17
0.11
0.07
0.04
0.17
0.08
0.08
0.12
0.09
0.12
0.13
0.42
0.40

4.55
6.69
5.55
9.75
1.31
1.97
2.07
0.90
1.34
1.33
1.82
2.97
3.05
2.84
3.37
1.13
1.61
5.68
0.99
0.59
1.38
3.65
2.17
2.86
4.46
0.86
1.01
1.70
1.26

15.6
22.1
17.0
19.3
17.1
17.5
21.2
243
15.1
15.5
23.9
15.5
21.0
20.6
20.3
13.8
15.6
20.2
18.1
18.5
14.9
19.7
15.8
20.1
20.4
16.2
17.5
23.4
243

26.2
6.6
21.6
9.5
28.0
249
12.4
6.7
31.8
324
7.2
28.9
5.4
8.7
12.3
38.5
322
13.2
14.6
6.5
353
9.2
22.5
15.5
10.6
31.3
26.3
10.5
9.6

1.18
1.03
1.23
1.09
0.45
0.53
0.45
0.36
1.04
0.83
0.83
0.84
0.09
0.12
0.10
0.58
0.53
0.27
0.18
0.10
0.45
0.61
0.68
0.54
0.16
0.41
0.30
0.60
0.36

0.75
2.38
1.13
4.06
0.05
0.14
0.26
0.05
0.05
0.05
0.18
0.27
0.08
0.07
0.24
0.03
0.05
1.54
0.03
0.06
0.04
0.34
0.08
0.27
0.38
0.03
0.03
0.08
0.07

—0.21
—0.23
—0.25
—0.16
—0.37
—0.16
—0.16
—0.15
—0.35
—0.33
—0.12
-0.27

0.04
—0.22
—0.08
—0.31
—0.35
—0.27

0.07

0.13
—0.36
—0.62
—0.36
-0.39
—0.21
—0.35
—0.35
—0.24
—0.20

0.11
0.10
0.09
0.09
0.09
0.15
0.19
0.18
0.18
0.19
0.15
0.19
0.10
0.10
0.12
0.11
0.09
0.13
0.15
0.17
0.14
0.15
0.17
0.12
0.11
0.10
0.10
0.13
0.12

—0.53
—0.44
—0.38
—0.37
—0.60
—0.26
—0.37
—0.48
—0.71
—0.73
—0.36
—0.50

0.03
—0.45
—0.30
—0.70
—0.73
—0.43

0.22

0.21
—0.72
—1.28
—0.64
—0.82
—0.42
—0.75
—0.78
—0.36
—0.49

0.11
0.11
0.11
0.09
0.10
0.14
0.13
0.13
0.12
0.12
0.12
0.13
0.09
0.10
0.10
0.10
0.10
0.10
0.15
0.18
0.16
0.19
0.15
0.13
0.14
0.11
0.13
0.10
0.10

8¢T

LST€T (1T07) $0E ©IOY BOIUIYOOWSOD) 19 BOIUIYO09D) /°[B 12 Fe[pey "X



Y. Kadlag et al./ Geochimica et Cosmochimica Acta 304 (2021) 234-257 239

Sizes of BO chondrules (Ch#2, Ch#8 and CH#11) and
CTC (CH#13) analyzed in this study range from 1.0 to
1.4 mm (Table 1). The chondrule textures vary slightly
among one another (Fig. 1 and Supplementary Fig. EA1).
Major minerals of BO chondrules are forsterite (Mg #
95-99), diopside and anorthite (see Supplementary
Table EA1). Mesostasis in Ch#2, Ch#8 and CH#11 shows
basic compositions (SiO,: 47.6-50.4%, Al,Os: 16.0-25.0%,
MgO: 3.3-8.2%, CaO: 17.6-21.2%), with very low FeO con-
tents (0.34-0.65%). Alteration veins are visible near the rims
of Ch#2 and CH#11 (olivine composition is Fe-rich (Mg #
21-42) near the rim and alteration regions). The CTC
(CH#13) analyzed in this study has a 250 um wide por-
phyritic rim of mainly Fe-rich olivine (Mg # 53) with a
barred core (~920 pm diameter) of Mg-rich olivine (Mg #
86-94), anorthite and dispersed Fe-Ni metal grains (sizes
range from few um to 30 um) (Fig. 1). The radial pyroxene
chondrule CH#3 (Fig. 1f) is mainly composed of Ca-Al
bearing pyroxene (Supplementary Table EA1).

2.2.2. Porphyritic chondrules
Porphyritic chondrules (PC) are classified as type I
and type II based on the average Mg/Fe ratios of their

major minerals (classification schemes from McSween,
1977). Type 1 PC are further classified as porphyritic
olivine pyroxene (POP, CH#4, CH#S5), porphyritic
olivine (PO: CH#7, CH#15, CH#18 and CH#21) and
porphyritic pyroxene (PP: CH#10) depending on the
occurrence of major mineral phases. Note that this clas-
sification could be systematically biased, depending on
the mineralogy of the exposed cross-section in 2D, which
might be different in 3D (Barosch et al., 2020). However,
for this study we are focused on the mineralogical varia-
tions in chondrule silicates, therefore reporting the major
mineralogy of chondrules in 2D would help in interpreta-
tion of the data.

The texture of CH#15 suggests that it is either a highly
deformed single chondrule or a mixture of two different
chondrules with similar texture and chemical compositions
(Fig. 2g). Type I PC mainly consist of Mg-rich olivine (Mg
# 82-99), enstatite (Engg.97) and minor Fe-rich olivine (Mg
# 28-82) near to the rim. The CH#20 (Fig. 2c) is mainly
composed of Mg-rich olivine (Mg # 95-99) and Ca-Al bear-
ing pyroxene at the center and Fe-rich olivine (Mg# 28)
occurs as an alteration product in the veins. Chondrule
CH#21 has a ~ 200 pm thick rim of Fe-rich olivine (Mg

0.24 0.15

Distance from rim

Fig. 1. Backscattered electron images of non-porphyritic chondrules after Si isotope analysis. White color of the laser spots, cracks and holes
are due to the leftover of gold coating. 8°°Si of each chondrule is shown by a different color, to match the data in the following figures. Light
blue colored values near the laser ablation spots correspond to the distance from rim to core. The boxes around the §°°Si values for
identification of the major analysed phase are such that yellow box = forsterite, red = mesostasis, and pink = rim. For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.
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Distance from rim

Fig. 2. Backscattered electron images of porphyritic type I chondrules after Si isotope analysis. Laser spots are shown in white color. Similar
to Fig. 1, 8°°Si of each chondrule is shown by a different color, to match with the data in following figures and light blue colored values near
the laser ablation spots correspond to the distance from rim to core. The boxes around the 6°°Si values for identification of the major analysed
phase are such that yellow box = forsterite, red = mesostasis, green = pyroxene, and pink = rim. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

# 28). Type I porphyritic chondrules are shown in Fig. 2
and Supplementary Fig. EA2.

Type II chondrules show POP textures (Fig. 3 and Sup-
plementary Fig. EA3, CH#17 and CH#19). Major phases
of type II PC consist of olivine (Mg # 26-95) and Fe-
bearing orthopyroxene (Mg # 75). Highly altered and opa-
que mineral-bearing chondrules (CH#1, CH#9, CH#6,
CH#12, CH#14) show POP textures ((Fig. 3 and Supple-
mentary Fig. EA3). Highly altered and opaque mineral
bearing chondrules are grouped with type II chondrules,
because of the similar characteristics of silicate minerology
and low Mg/Fe ratio in most phases. Major phases of

opaque mineral bearing chondrules consist of olivine (Mg
# 26-95), forsterite (Mg # 95-99), orthopyroxene (Mg #
73-98), and high-Ca pyroxene, as well as magnetite and
troilite.

2.3. Methods and Mass spectrometry

A petrographic overview of the chondrule types before
laser ablation is shown in Supplementary Figs. EA1, EA2
and EA3. Chemical compositions (Supplementary Tables
EA1l and EA2) and backscattered electron (BSE) images
of selected chondrules were obtained on a JEOL JXA
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a CH17

b cH19

100 pm

200 pm

Fig. 3. Backscattered electron images of type II and opaque mineral-bearing porphyritic chondrules after Si isotope analysis. Laser spots are
shown in white color. Similar to Fig. 1, §°°Si of each chondrule is shown by a different color, to match with the data in following figures and
light blue colored values near the laser ablation spots correspond to the distance from rim to core. The boxes around the 5°°Si values for
identification of the major analysed phase are such as, yellow box = forsterite, red = mesostasis, green = pyroxene, and pink = rim. Dashed
red color boxes are for mesostasis-rich mix analyses. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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8200 Superprobe at Freie Universitdt Berlin (beam cur-
rent = 2 nA, accelerating voltage = 15 kV). Backscattered
electron images of the analyzed laser spots in chondrule sil-
icates were obtained on a JEOL JSM-6510 scanning elec-
tron microscope at University of Potsdam and shown in
Figs. 1-3 along with the 6°°Si and rim to core distance.

Major, minor and trace element abundances and Si
isotope ratios of chondrules were determined in situ using
femtosecond laser ablation split-stream, combining multi-
collector inductively coupled plasma mass spectrometry
(LA-MC-ICP-MS; on a Thermo Fisher Scientific Neptune
Plus) and quadrupole ICP-MS (on a Thermo Fisher
Scientific iCAP) for Si isotope analysis and for element
concentration measurements, respectively. Details of the
experimental protocols are reported in earlier publications
(Schuessler and Blanckenburg, 2014, Frick et al., 2016,
Kadlag et al., 2019a). Total raster area of one laser ablated
spot is ~ 100 pm x 100 pm. Sometimes to avoid cracks and
to analyze pure phases, the lines or irregular shapes are
used instead of rectangular raster of the laser beam. Larger
raster areas resulted in an analysis of 1-2 different phases in
some cases, which can be identified by the comparison of
their major element composition with EPMA data (Tables
1 and 2 and Supplementary Table EA1 and EA2). Intensi-
ties of 28Si, 2°Si and 3°Si were measured with a mass resolv-
ing power m/Am > 5000 in medium resolution clipped ion
beam mode. Erosion of the entrance slit by the ion beam
can lead to a loss of mass resolution with time and thus
interference by "“N'®0 on *°Si, resulting in too high §°°Si
values. This bias is reflected in deviations from the propor-
tionality of 5°°Si and 6*°Si outside the analytical precision
and quantified by A¥Si (=5°°Si-0.518 x §°°Si), the isotopic
difference from the equilibrium mass fractionation line
(originating in the isotope ratios of the bracketing stan-
dard). Data in Tables 1 and 2 all reflect analyses with
A®Si = 0 + 0.23%o. Silicon isotope ratios of chondrule sil-
icate phases were normalized relative to NBS 28 quartz,
which shows a long-term reproducibility of < 0.23%. 3°°Si
(2 SE) using the experimental setup described above.
Reproducibility and drift in element concentrations and
Si isotope ratios were monitored using the reference mate-
rials BHVO-2G, NIST610, GOR-132G and ML3B. For
two analytical sessions, average 6°°Si values of BHVO-2G
(synthetic basaltic glass), NIST-610 (synthetic glass),
GOR-132G (komatiite) and ML3B (basalt) were —0.34 4+ 0
.28%o (2sd, n = 26), 0.12 £ 0.25%0 (2sd, n = 14), —0.22 + 0.
01%o (2sd, n = 2), and —0.39 4+ 0.23%o (2sd, n = 4) respec-
tively, which is in good agreement with literature data
(Armytage et al., 2011, Savage et al., 2010, Zambardi and
Poitrasson, 2010, Fitoussi et al., 2009, Schuessler and
Blanckenburg, 2014, Tatzel et al. 2015, Frick et al., 2016,
Kadlag et al., 2019a).

Major (Mg, Fe, Si), minor (Na, Al, Ca, K), trace litho-
phile (P, Rb and REE) and siderophile (Pt, Ni, Co, Pd, Au,
Ga, Ge and Zn) element abundances were quantified by 100
wt-% oxide normalization. Precision and accuracy of mass
fraction determinations were monitored by determining ele-
ment abundances in well characterized reference materials
such as BHVO-2G and GOR-132G calibrated against
NIST610 (Jochum et al., 2011). The typical reproducibility

of the literature values of major- and trace element concen-
trations of the reference materials was < 10 % (1 s) (Jochum
et al., 2005).

3. RESULTS

The §%°Si values, major, minor and trace element con-
centration data of chondrule silicates (pure phases as well
as mixed analyses) are shown in Tables 1 and 2. Porphyritic
and non-porphyritic chondrules analyzed in this study are
of variable sizes, with a diameter ranging from 0.5 to
3 mm (Tables 1 and 2). The 8°°Si values of chondrules
and variation of §°°Si values with major element ratios
are presented in Figs. 4 and 5, respectively. CI normalized
rare earth elements (REE), Al, and Mg abundance patterns
of representative mesostasis analyses are shown in Fig. 6.
Abundance patterns of REE, Al, Mg and siderophile ele-
ments normalized to CI chondrites for analyzed silicates
are given in the Supplementary Figs. EA4, EAS5 and EA6.

3.1. Non-porphyritic chondrules

Barred olivine chondrules are mainly comprised of for-
sterite and Aluminum-rich mesostasis (Fig. 1, Supplemen-
tary Table EAl). 8°°Si values of ablated BOC silicate
phases range from —0.38 4 0.18 (all reported uncertainties
on §°°Si are 2 SE)%o to 0.55 + 0.20%0 (Table 1, Fig. 4). The
highest 6°°Si value (0.55 + 0.20%0) occurs in a forsterite-
rich olivine (Mg # 94) in a BOC CH#2 (Table 1, Fig. 4)
and lowest 6°°Si is observed in the analysis at the rim from
BOC CH#11 (Figs. 1 and 4).

Iron-poor phases of BOC (forsterite + mesostasis) have
higher 6°°Si values compared to Fe-rich phases (alteration
veins and olivine rims (Mg# 42-90). REE concentrations
in mesostasis of BOC are ~ 10 to 20 x CI chondrites
(Fig. 6a, b, c), whereas olivine-rich and mixed analyses
show REE concentrations of up to 2 to 8 x CI chondrites
and in some cases, Sm, Eu and Tm abundances below the
detection limit (Supplementary Fig. EA4, EAS and EA6
and Supplementary Table EA3). Negative correlations
between 6°°Si and Ca/Na are observed in BOC CH#2
(Fig. Se).

The 6°°Si values of CTC (CH#13) range from —0.39 =+
0.17%o to 0.02 = 0.14%o (Table 1, Fig. 4). 5°°Si values of RP
range from —0.35 4 0.16%0 to 0.13 & 0.16%.. Mg/Fe and
Mg/Si range from 0.80 to 16.9 and from 0.62 to 1.42,
respectively. In CTC, the REE concentrations in the
mesostasis are similar to the mesostasis in BOC, but show
depletions in Eu and Tm (Fig. 6a); other analyses show
REE concentrations from 1 to 4 x CI chondrites and con-
centrations of Sm, Eu, Tm and Lu below detection limit in
some cases (Supplementary Fig. EA4).

The 6°°Si values of RPC show no systematic variation
with Mg/Fe or Mg/Si, however, 6°°Si values of RPC show
an inverse relationship with the Ca/Na ratio (Fig. 5e). In
case of RPC, REE concentrations (Supplementary
Fig. EA4) in mesostasis-rich analyses are higher than in
CI chondrites (3 to 8 x CI). In most cases, the siderophile
element abundances (Supplementary Fig. EA4) are less
than in CI chondrites (1 to 0.01 x CI).
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Bulk Allende chondrules (Molini-Velsko et al., 1983; Hezel et al., 2010 and Armytage, 2011)
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Fig. 4. 6°°Si values of chondrule silicates analyzed in this study. The range of literature °°Si values of bulk carbonaceous chondrites,
ordinary chondrites, enstatite chondrites and individual chondrules from the Allende meteorite is shown for comparison (Molini-Velsko et al.,
1983; Georg et al., 2007; Fitoussi et al., 2009; Chakrabarti and Jacobsen, 2010; Hezel et al., 2010; Armytage 2011; Armytage et al., 2011;
Savage and Moynier, 2013). Red open circle = mesostasis, red dotted circle = mesostasis-rich, black solid circle = forsterite, black open
circle = analysis from rim, green solid circle (yellow border in CH#6) = pyroxene, and grey solid circle = Fe-rich olivine. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.2. Porphyritic chondrules

The Fe-Ni metal-bearing and highly altered chondrules
(CH#1, CH#6, CH#9, CH#12, CH#13, CH#15) are
slightly more deformed in shape compared to metal-poor
chondrules (type I and type II chondrules) and also com-
paratively larger in size (Figs. 1-3). The §°°Si of type I
PC range from —0.83 + 0.11%o to 0.32 4 0.19%0. Most anal-
yses from type I POC show high 6°°Si values (ranges from
—0.54 + 0.10%o0 to 0.12 £ 0.12%o0), type I POPC show higher
as well as lower values (ranges from —0.83 + 0.11%o to
0.32 4+ 0.19%o0), and type I PPC shows intermediate values
(ranges —0.59 + 0.13%0 to —0.16 £+ 0.15%0) (Fig. 4). The
8%Si of type I1 PC from —0.49 & 0.10%o to 0.12 & 0.12%,
respectively (Table 2, Fig. 4). Highly altered and opaque
mineral bearing chondrules show variation in the §°°Si
from —1.28 + 0.19%o¢ to 0.24 + 0.13%o. The largest chon-
drule (CH#12, 3 mm diameter) shows large variations in
5%%Si of up to 1.5%o between different minerals.

The raster analyses from porphyritic chondrules show
systematic variations of 6°°Si (Fig. 5). Mg-rich composi-
tions of all analysed spots from PC are systematically
higher in 6°°Si than Fe-rich or Ca, Al-rich compositions
(in case of pyroxene) in the same chondrule (Table 2). A
systematically larger spread of §6°°Si is observed in type I
POPC compared to type I POC and PPC (Fig. 4).

The Mg/Fe and Mg/Si ratios in analyzed spots in por-
phyritic chondrules range from 0.25 to 18.31 and from
0.51 to 1.62, respectively. The 6°°Si in different analyses
of type I PC are variable and independent of Mg/Fe
(Fig. 5b). In porphyritic chondrules, the concentrations
range from 1 to 10 x CI chondrites for most REEs in case
of mesostasis-rich spots (Fig. 6 and Supplementary
Figs. EAS5 and EAG6). The siderophile element abundances
(Supplementary Figs. EAS and EAG6) range from 4 to
0.01 x CI. Higher abundances of siderophile elements are
observed in the opaque mineral bearing chondrules (Sup-
plementary Fig. EA6).

4. DISCUSSION

4.1. 5°°Si and the physical and chemical properties of
chondrules

No systematic dependence of chondrule sizes and varia-
tion of 6°°Si was observed in chondrule minerals (Tables 1
and 2). However, the largest chondrule (CH#12) shows the
largest variation in inter-mineral 8°Si values (1.5%0). These
observations indicate that with increasing chondrule sizes,
the interaction of chondrule silicates with surrounding gas
and matrix is variable and higher. The 5°°Si values of bulk
chondrules from Clayton et al. (1983) show a systematic
decrease (up to 1%o) with increasing chondrule sizes, which
supports this scenario. However, without chemical compo-
sition of these chondrules we cannot directly compare if this
variation is related to the chondrule sizes or variable chem-
istry (Mg/Fe) and mineralogy.

The 6°°Si values of chondrule phases are not directly
dependent on the spatial position (e.g. distance to rim or core)
and appear to be more dependent on the Mg/Fe variation of

the minerals (Fig. 5). In general, olivines near chondrule
rims tend to be Fe-rich (Mg# range 26-90) and lower °°Si
values appear towards chondrule rims (Figs. 1-4). Correla-
tions of 8°°Si with Mg/Fe also occur for silicates at larger
rim to core distance (e.g. Fig. 3, CH#9, CH#12).

The variation between Mg/Fe, Mg/Si and 6°°Si in chon-
drule silicates shows two behaviors, i) linear correlations
between Mg/Si, Mg/Fe and 6°°Si and, ii) scattered variation
of Mg/Fe and Mg/Si without significant change in the 6°°Si
(Fig. 5a, 5b, 5¢ and 5d). The role of nebular alteration and
parent body processing for these variations is discussed in
the following sections.

4.2. A*°Si of mineral pairs: equilibrium or non-equilibrium
fractionation?

The 5°°Si of most BOC, RPC silicates are similar to type
I PC, but higher compared to type II POC, POPC and PPC
(Fig. 4). The 6°°Si values of most analyses in the BOC
CH#8 and CH#11 are similar, because all of these are
mixed analyses of forsterite and the mesostasis. In contrast,
there is an up to 0.78%o difference in 5°°Si between analysis
areas with a high mesostasis fraction and those with a high
forsterite fraction in CH#2 (Table 1). The variation of *°Si
of up to 0.46%c0 between the mesostasis of CH#11 and
CH#2 (Table 1, Figs. 1 and 4) indicates different formation
histories of different BOC chondrules from the same
meteorite.

Equilibrium or non-equilibrium isotope fractionation
can be inferred from the inter-mineral variation of §>°Si.
In CH#2 (BOC), A*°Sijesostasis-olivine 18 —0.78 (Table 1),
which is similar to the A3°Sipymxene_0“vine in type I POP
chondrules CH#4 and CH#S5 (—0.73 and —0.75 respec-
tively, Table 2). The theoretical high temperature
(T > 1200 K) equilibrium Si isotope fractionation between
orthopyroxene and olivine or feldspar and olivine is < 0.1%o
(Méheut et al., 2009; Huang et al., 2014; M¢éheut and
Schauble, 2014; Qin et al.,, 2016). Therefore, higher
A30Siolivine-pyroxene and A3OSiolivine-mesostasis values associated
with olivine, orthopyroxene and mesostasis cannot reflect
equilibrium isotope fractionation at high temperatures.

High cooling rates might have prevented equilibration
of Si isotopes in heterogeneous domains of CH#2. How-
ever, the abundances of REE and siderophile elements in
mesostasis and forsterite (Fig. 6, Supplementary
Fig. EA4) indicate preferred partitioning of REE into the
mesostasis compared to forsterite, which is expected from
the equilibrium partitioning of these elements between melt
and olivine (Nielsen et al., 1992). Also, the abundance pat-
tern of Ni, Co and Fe are similar in forsterite and mesosta-
sis (Supplementary Fig. EA4). Therefore, the differences in
530S between mesostasis and forsterite may reflect their dif-
ferent susceptibilities to chemical and isotopic exchange
with the nebular gas.

Forsterite-rich olivine is present in the rim and mantle of
CH#2, where its coarse grain size may have limited the
chemical and isotope exchange with the surrounding gas.
Mesostasis on the other hand is porous (Fig. | and supple-
mentary Fig. EAl) and therefore more easily affected by
alteration in the solar nebula as well as on the meteorite
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Fig. 5. 6°°Si versus major element ratios (wt.%/wt.%) in chondrules from the Allende meteorite (a-c: non-porphyritic chondrules, d-f:
porphyritic chondrules). (a, b) °°Si vs. Mg/Fe; (c, d) 5°°Si vs. Mg/Si; (e, ) 5°°Si vs. Ca/Na. The 6°°Si and major element data for bulk Allende
and CI chondrites is from (Jarosewich et al., 1987; Lodders, 2003; Georg et al., 2007; Fitoussi et al., 2009; Armytage et al., 2011; Zambardi
et al., 2013). Gray symbols are bulk chondrule data for Allende chondrules from Armytage (2011). Chondrule analyses show no systematic
variation in 6°°Si vs. Ca/Na, except for the radial pyroxene chondrule (RPC). RPC show an inverse correlation between 6°°Si vs. Ca/Na. 5°°Si
correlates with Mg/Fe (black correlation line). Correlated variations between °°Si and Mg/Si occur in most porphyritic chondrules (¢ and d).
Non-porphyritic chondrules have higher average §°°Si values than CI chondrites and show significant variations in the Mg/Si ratio. This
difference can be explained by the variable relative contributions of kinetic and equilibrium isotope fractionation processes in texturally
different chondrules. If the 6°°Si and Mg/Si values of the chondrule minerals resulted from the equilibrium fractionation of early formed solids
and remaining nebular gas with CI chondrite-like initial composition, they would fall between the two dashed lines in Figs. (c) and (d). This
area represents the window of solid—gas equilibrium isotope fractionation and interaction of 70% to 20% of forsterite with 30% to 80%
remaining SiOg,. Details of the calculations are provided in the Supplementary Information. The two solid lines represent the window of
kinetic isotope fractionation between 50% solid and 50% gas (line towards higher Mg/Si) and 20% solid and 80% gas (towards lower Mg/Si).
The variation of 6°°Si and Mg/Si in all porphyritic chondrules and in some non-porphyritic chondrules reflects equilibrium isotope
fractionation between early-crystallized silicates (mainly forsterite) and nebular gas (SiOg,,). Non-systematic variations of 5°°Si and Mg/Si in
barred olivine chondrules that fall into the pink field reflect kinetic isotope fractionation during the formation of these chondrules.
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parent body (Lewis and Jones, 2019). If higher 5°°Si of the
early-formed forsterite is an effect of equilibrium condensa-
tion between solid and gas (Dauphas et al., 2015), then the
lower 6°°Si of the mesostasis may have been caused by
interaction with SiO from nebular gas with low 5°°Si during
the formation of mesostasis (see Supplementary Informa-
tion for details). Parent body alteration is unlikely to have
caused the difference in §°°Si between forsterite and
mesostasis of CH#2, because alteration veins at the rim
of this chondrule are rich in Fe (Housley and Cirlin,
1983), whereas Fe enrichment is not observed in the
mesostasis (Tables 2 and 3). Therefore, the combination
of solid-melt-gas equilibrium and kinetic isotope fractiona-
tion during chondrule formation is necessary to explain the
observed variation between forsterite and mesostasis of
BOC.

The observed variation of §°°Si with chondrule mineral-
ogy in porphyritic chondrules can be explained by variable
equilibrium fractionation of Si isotopes between solid and
gas (Dauphas et al., 2015). Equilibrium isotope fractiona-
tion between solids and gas during condensation and
between melt and gas during evaporation leads to early-
formed Mg-rich olivine and pyroxene with higher 9°°Si
and coexisting SiO gas with lower 5°°Si relative to the start-
ing composition (Chaussidon et al., 2008; Harju et al., 2015;
Krot et al., 2004a; Libourel et al., 2006; Jacquet et al., 2012;
Friend et al., 2016). Mg-rich olivines are main nucleation
sites for mesostasis and clinopyroxene (Na, Ca and Al-
rich analyses, Tables 1 and 2), which continues to react with
SiO in nebular gas with low 6°°Si after Mg-rich olivine has
formed. The oxidation of SiO in the gas phase during cool-
ing results in the formation of SiO,, which reacts with oli-
vine to form orthopyroxene. The higher fO, required for
this process is either achieved by vaporization of the dust
or by hydrogen loss at high temperatures (Hua et al.,
1988). The observed large differences (up to —0.78%o)
between olivine and -mesostasis (mainly in type I chon-
drules) suggest that the nucleation of the mesostasis at the
grain boundaries of olivine prevented further interaction
of olivine with the 3°Si depleted nebular gas. The proposed
gas-melt-solid reactions that explain the differences in the O
isotope ratios of pyroxene and olivine (Chaussidon et al.,
2008) are:

SiO(gas) + 12 x Oz(gas) = SiOZ(melt) (1)
MgZSiO4(olivine) + SiOZ(mell) = MgZSiZOG(pyroxene) (2)

These reactions should also affect Si isotopes, where half
of the Si in pyroxene is derived from the olivine precursor
and the other half from SiO,,). Using isotope mass bal-
ance, 53OSiSi0(gas) values can be calculated from the equa-
tion & SiSiO(gas) = (2X5aosipyroxene or mesostasis ~ 53OSiolivine)~
According to the ASOSipyroxene—oliVine and A3OSimesostasis-olivine
values observed in chondrules (—0.75 and —0.78, respec-
tively), the 53%Si of the SiO(gas) must have been ~—1.4%o
during the formation of pyroxene in type 1 POP chondrules
(CH#4 and CH#5) and ~—1.0%0 during the formation of
mesostasis in BOC CH#2. If the starting average 0°°Si
value of nebular gas was CI chondrite-like (8°’Sic; =
-0.48%0) and if Mg-rich olivine (8*°Siporsterite = 0.55%0)

formed under equilibrium conditions, then the remaining
nebular gas should have §°’Si as low as —1.75%0 (calculated
assuming equilibrium fractionation between forsterite and
nebular gas is ASiporserite-siogs = 42 x 10T,
M¢éheut et al., 2009; Javoy et al., 2012; Dauphas et al.,
2015, for details see Supplementary Information
section 1). The pyroxene formed from the interaction of
3Si-depleted gas (i.e. °°Si = —1.75%0) with olivine under
equilibrium conditions should have 6*°Si ~ —0.7%.

We note that &°°Si in the mesostasis of all non-
porphyritic chondrules is significantly higher than this value
(Table 1). This may be due to partial equilibration of
mesostasis and olivine during repetitive evaporation and
condensation during gas-chondrule melt interaction.
Because of the negligible contributions from equilibrium
Si isotope fractionation between the silicate phases at high
temperatures (Mcheut et al., 2009; Huang et al., 2014;
M¢heut and Schauble, 2014), the Si isotope systematics of
the mesostasis reflect their crystallization and cooling his-
tory and their variable interaction with *°Si-depleted gas.

Another important variation observed in the Si isotope
composition of chondrule silicates is the systematically
lower 6°°Si of Fe-rich olivine and pyroxene compared to
Mg-rich olivine and pyroxene in the same chondrule
(Fig. 5a and 5b). This could be explained by the interaction
of Mg-rich phases with cooling nebular gas (low 6°°Si) and
the late formation of Fe-rich minerals during chondrule
crystallization.

Another process which could potentially relevant here is
the equilibrium isotope fractionation of Si in minerals that
form solid solutions. A preference of 3°Si occurs with
decreasing Si-O atomic bond length in different polymorphs
of Mg,SiOy, such as forsterite, wadsleyite and ringwoodite
(Huang et al., 2014), confirming the theory that short bonds
are relatively stronger and enrich heavy isotopes under
equilibrium conditions (Urey, 1947). If this can be extrapo-
lated to the olivine solid solution, then Fe-rich olivine must
have lower 6°°Si compared to Mg-rich olivine as Si-O bond-
lengths of fayalite are longer compared to forsterite (Birle
et al., 1968). The data from this study are consistent with
this trend. However, at this stage we do not have direct
quantitative evidence from theoretical or experimental data
to determine effect of this process and also, it is not known
if significant fractionation of Si isotopes can occur in differ-
ent solid solutions of olivine.

A difference of 5°°Si of up to 0.9%o is observed in Fe-rich
and Mg-rich olivine analyses in individual porphyritic
chondrules (CH#S5, CH#7, CH#12, CH#14, CH#21), espe-
cially from the rims (Fe-rich) and cores (Mg-rich) of some
chondrules (e.g. CH#21). These differences may represent
effects of both, the formation of Si- or Fe-rich minerals in
the solar nebula (e.g., fayalite or orthopyroxene from °Si
depleted SiOg,) as well as later aqueous alteration (mainly
causing Mg/Fe variations) on the Allende parent body.
Some analyses from the same chondrule do not follow the
correlation of 5*°Si with Mg/Fe (as indicated by the yellow
arrows in Fig. 5), possibly because of the local mobilization
of Fe during parent body alteration (e.g. in CH#7). Earlier
studies suggest that Allende is significantly affected by par-
ent body alteration (Krot et al., 1997, 1998). A thick rim
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(~100 um) of Fe-rich olivine around CH#21 shows a low
5°°Si value of —0.54 + 0.10%0 compared to the core that
ranges from 0.06 + 0.15%c to —0.13 &+ 0.11%0. Rubin and
Wasson (1987) argued that the thick rims of Allende chon-
drules were formed from precursors similar to the matrix. If
correct, then chondrule rims should have §°°Si similar to
the matrix. The mass balance of Mg, Fe and 5%Si of chon-
drules and bulk rock data of Allende (Jarosewich et al.,
1987; Armytage et al., 2011) suggest that the matrix silicates
are Fe-rich (low Mg/Fe) and have lower §°°Si values than
chondrules. A systematic study of 6°°Si in matrix silicates
(average 5981 pawix = —0.61 £ 0.10, (2SE) and average
Mg/Fe mauix = 0.38 4 0.10 (2sd)) supports this scenario
(Kadlag et al., 2019b). Therefore, our data support both
hypotheses, that fayalite-rich chondrule rims either formed
during open system parent body alteration or from the
same material as the matrix in a cooling nebular
environment.

The Mg/Fe and 6°°Si of most chondrule silicates
(Fig. 5a and 5b) are higher than values for bulk Allende
(note that the Mg/Fe and 6°°Si values in bulk Allende is
also similar to CI chondrites) and Allende matrix (Kadlag
et al., 2019b). The complementary variations of Si isotopes
and major elements in Allende chondrules and matrix sug-
gests the formation of chondrules and matrix from a reser-
voir in the solar nebula with CI-chondrite like Mg-Fe-Si
systematics, consistent with other studies (Chaussidon
et al., 2020).

We conclude that the variation of 3°°Si in chondrule min-
erals reflects multi-stage processes. Silicon isotope fraction-
ation during high-temperature processing is most evident in
BOC and type I PC and resulted in high 5*°Si compared to
CI chondrites, whereas lower Mg/Fe and 5%Si in chon-
drules could have been inherited from nebular and later
Mg/Fe fractionation during parent body alteration pro-
cesses. Matrix formed from remaining nebular gas which
has low Mg/Fe and low 5°°Si after chondrule formation,
consistent with other studies (Chaussidon et. al., 2020).
Altered (Fe-rich) chondrule minerals and chondrule rims
show Mg/Fe and 6°°Si similar to the matrix, which suggests
the formation of chondrule rims and Fe-rich phases by inter-
action of alteration fluids with matrix material.

4.3. Relationship between type I and type II chondrules

4.3.1. Chemical and Si isotopic composition

Several chemical, isotopic, and experimental studies
were carried out to understand the relationship between
type I and type II chondrules (summarized in Jones et al.,
2005; Hewins et al., 2005), however, it is still not clear if
and how type I and type II chondrules are related to each
other. Some studies suggest that type I chondrules were
derived from type II chondrules by evaporation and reduc-
tion in the solar nebula (Libourel and Chaussidon, 1995;
Sears et al., 1996; Jones and Danielson, 1997; Lemelle
et al.,, 2001; Leroux et al., 2003; Hewins et al., 2005;
Jones et al., 2005; Villeneuve et al., 2015). Other studies
suggest that type II chondrules derive from oxidation of
type I chondrules (Ruzicka et al., 2008; Schrader et al.,
2008). Besides Fe content and oxidation state, a major

difference between type I and type II chondrules is the
enrichment of moderately volatile elements in type II chon-
drules compared to type I chondrules (Hewins et al., 2005).
We scrutinize the compatibility of these two opposing
models with our elemental and Si isotope data. If type II
chondrules derived from type I chondrules, then Mg in
silicates was replaced by Fe to form Fe-rich olivine or
Fe-rich pyroxene depending on the availability of O, and
Fe and SiOg,s:

MgSiO; + Fe + 1/2 0, = MgFeSiO, (3)
Mg2SIO4 + 2Fe + 2 1/2 02 + 3 SiOgas = 2MgF651205
4)

The reactions shown in Egs. (3) and (4) either occur
under oxidizing conditions in the solar nebula or during
parent body metamorphism (Housley and Cirlin, 1983;
Weinbruch et al., 1990; Krot et al., 1997, 1998). During
the formation of Fe-rich olivine (Eq. (3)), no Si isotope
exchange occurs. The oxygen required in Eq. (3) was either
present in the solar nebula under oxidizing conditions (Hua
et al., 1988; Weinbruch et al., 1990) or was released during
hydrothermal alteration on the parent body (Krot et al.,
1997, 1998).

If, Fe-rich enstatite formed from Mg-rich olivine by
reaction (4) with isotopically light (low 5°°Si) nebular gas
(lower 5°°Si, because of previous forsterite-gas fractiona-
tion, Mcheut et al., 2009; Javoy et al., 2012; Dauphas
et al., 2015), then the 6°°Si of Fe-rich enstatite of type I
and type II chondrules should be consistently lower than
values in Mg-rich enstatite, which matches the data (RPC
CH#3 in Fig. 5a and CH#10 from Fig. 5b). We note that
reaction of Mg-rich enstatite with Fe and O, (reaction
(3)) to form Fe-rich olivine during close system parent body
metamorphism cannot be responsible for the systematic
depletion of °Si in Fe-rich olivine from chondrules.
Instead, a two-stage process would be required in which
precursor enstatite acquired isotopically light Si (for
instance by open system isotope exchange with low-9Si
nebular gas), followed by reaction (3).

In case of the reaction of forsterite and remaining nebu-
lar gas to form Fe-rich pyroxene (Eq. (4)), half of the Si in
Fe-rich pyroxene is derived from SiOg,. The 0%Si and
Mg/Si of chondrule silicates show bimodal distributions
in all porphyritic chondrules (yellow and green fields in
Fig. 5d). These observations along with variations in Fe
content (Fig. 5b) suggests that pyroxenes (Mg/Si < 1)
and Fe-rich olivines (Mg/Si < 1.4) formed later than
Mg-rich olivine (Mg/Si > 1.5) in the sequence of events.
The large spread of 6°°Si in Mg-rich olivine (Fig. 5 a and b)
suggests heterogeneity in the Si isotope composition of
Mg-rich olivines, which may have occurred due to incom-
plete equilibration with the surrounding gas because of
repetitive fast heating and cooling cycles. Overall, these
relationships are consistent with the formation of type II
chondrules from type I chondrules and alteration of opaque
mineral bearing chondrules by open system isotope
exchange during nebular and parent body processing.

An alternative view in previous studies is that type I
chondrules may have formed from type II chondrules via
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reduction of Fe. The reduction of Fe (Hewins et al., 2005) is
expressed as

FeZSiOA = 2Femetal + x Siolmell + (I'X) Siogas + (3-X)/2 OZgas
)

The validity of this scenario and its effect on Si isotopes
in chondrule silicates can be studied by comparison of the
metal-poor type I (Supplementary Fig. EA2) and opaque
mineral-rich type I chondrules (Supplementary Fig. EA3).
Most silicates from metal poor type I chondrules (e.g.
CH#4, CH#5, CH#7, CH#20) have higher 6°°Si (Fig. 4)
compared to metal-rich type I chondrules of similar sizes
(e.g. CH#1, CH#14). Silicates from type II chondrules
(CH#17, CH#19) also show systematically lower 6°°Si
compared to type I chondrules. Finally, the matrix also
shows lower °°Si compared to most silicates from type I
chondrules (Kadlag et al., 2019b; Chaussidon et al., 2020).

Higher 5°°Si values of type I chondrules compared to
type II chondrules (Fig. 4) might be explained by the release
of 2Si-enriched SiOg,s via reduction and evaporation pro-
cess during formation of type I chondrules from type 11
chondrules. The role of Rayleigh process in this scenario
is discussed in detail in Supplementary material section 3
and shown in Fig. EA7). Low dust/gas ratio required for
higher evaporative loss of 2%Si compared to *°Si during
the formation of type I chondrules from type II chondrule
precursors, otherwise the Si isotope fractionation is
insignificant (Galy et al., 2000; Young et al., 1998;
Fig. EA7). This is not consistent with other studies, which
shows that the high dust/gas ratio (>50 x solar value) is
required during chondrule formation (Galy et al., 2000;
Hertwig et al., 2018). In order to preserve matrix dust
(the most fragile and oxidized component) the accretion
region of the Allende meteorite must have been more oxi-
dized compared to type I chondrules. Then, the latter likely
derived from a different, more reduced region of the solar
nebula. In such as case, the total variation of 5°°Si in chon-
drules should be much higher than 2%c due to random sam-
pling of the variably processed unequilibrated solid
precursors that formed at different conditions and loca-
tions. Similarly, random chemical variations should occur
in chondrules and the matrix. The limited variation in
5°°Si (this work) and complementary chemical variations
in matrix, type II chondrules and type I chondrules
(Hezel and Palme, 2010) suggest that all these components
of Allende were likely formed in a similar or common
reservoir.

The overall systematics is indicative of the oxidation of
an earlier, reduced minerology of the Allende meteorite,
rather than reduction of an oxidized assemblage. Also,
reduction and loss of Fe-metal from chondrule melt (equa-
tion (5)) would affect abundances of siderophile elements in
chondrules in specific ways, which will be discussed in the
next section.

4.3.2. Siderophile element abundances

All chondrules analyzed in this study show lower side-
rophile element abundances compared to CI chondrites
(Supplementary Figs. EA4, EAS and EA6). Most type I
PC and BOC are devoid of Fe metal and show high

Mg/Fe, consistent with previous data (Figs. 1 and 2;
Hezel and Palme, 2010), whereas the matrix of Allende
has lower Mg/Fe and 5%0si (Hezel and Palme, 2010;
Kadlag et al., 2019b; Chaussidon et al., 2020). Thus, if a
reduction of Fe?" in previously oxidized chondrule sili-
cates occurred in the solar nebula (Eq. (5)), then metal
and SiO,,, must have been expelled from rotating chon-
drule melt droplets into the surrounding gas and later
on, Fe metal was accreted with matrix (Hezel and
Palme, 2010). In order to melt chondrule silicates and to
expel the Fe-metal from chondrules, reduction of Fe sili-
cates should have occurred at high temperatures
(>1500 K). If this was the last nebular process before
accretion, then the matrix composition should also be
more reduced compared to type II chondrules, which is
not the case. Ni/Co ratios in chondrules are about CI
chondrite-like in analyses with low abundances of Ni
and Co (Fig. 7) and deviate from Ni/Cocry chondrite values
where Ni and Co occur in higher abundances, notably at
chondrule rims. The fractionation of Ni/Co and a stronger
depletion of Pt, Pd and Au relative to Ni and Co is mainly
observed in the non-porphyritic and type I porphyritic
chondrules (Fig. 7a and 7c¢ and Supplementary
Figs. EA4, EA5). The variation of Ni/Co near chondrule
rims was explained by silicate melt-metal melt fractiona-
tion during the expulsion of the Fe-metal from chondrule
melt (Palme et al., 2014). The size of metal grains in chon-
drules tends to increase toward the rims (Supplementary
Fig. EAl). Bigger metal droplets can be removed from
the rotating chondrule melt more easily (Uesugi et al.,
2008), whereas smaller droplets of metal melt were
trapped in the chondrules during their fast solidification.
Most type I chondrules contain silicates with minor FeO
and Fe-metal (Figs. 1 and 2), whereas type II chondrules
contain abundant Fe-rich silicates. The latter were inter-
preted to have formed by oxidation of Fepear or Feg,s
in the solar nebula (Villeneuve et al., 2015). Higher abun-
dances of Pt, Pd and Au in type II chondrules (Supple-
mentary Figs. EAS5 and EAG6) compared to type I
chondrules indicate higher abundances of primary Fe
metal in type II chondrules. Thus, Fe-Ni metal-rich and
-poor type chondrules likely co-existed in the nebular envi-
ronment. Type II chondrules (e.g. CH#17, HSE abun-
dances are below detection limit) were likely derived
from metal-poor type I chondrules, in which forsterite
reacted with FeO and formed Fe-rich olivine and
pyroxene.

Thus, type I metal-rich and metal-poor chondrules were
formed at high temperatures and more reducing conditions
compared to CI chondrites. Type II chondrules and matrix
were formed at low temperatures and oxidizing conditions
by open system isotope and element exchange of nebular
gas with type I chondrules. Element exchange processes fur-
ther occurred during parent body metamorphism.

To summarize, the variations in the siderophile element
abundances and 5°’Si values from this study suggest that
the formation of type II chondrules due to oxidation of type
I chondrules is more likely than the opposite model. The
oxidation of type II chondrules likely began in the solar
nebula and further continued during alteration on the
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Fig. 7. Variation of Co vs. Ni in the analysed spots from (a) nonporphyritic chondrules, (b) type II and opaque mineral-bearing altered
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ratios (Lodders, 2003). Deviations from the CI chondrite-like Ni/Co ratio are observed for analyses near to the rim and for analyses with

higher Ni and Co concentrations.

parent body, as indicated by textural, chemical and isotopic
evidence.

4.4. The influence of volatility on 5°°Si of chondrules

Volatility control on stable isotope fractionation can be
assessed in cases where 9°°Si varies with ratios of volatile to
refractory elements, such as K/Ca. Due to higher evapora-
tive loss of K, K/Ca should be lower in chondrules com-
pared to K/Ca in CI chondrites. Assuming chondrule
silicates crystallized from the same reservoir by a single
event involving melting, evaporation and incomplete con-
densation of volatile elements, a depletion of K relative to
Ca and enrichment of *°Si in chondrule minerals might be
expected. Non-systematic scatter in 6°°Si and K/Ca is
observed for individual analyses in chondrules (Fig. 8a
and b), which suggests that at least two different chemical
(K and Ca) and isotopic (for Si) reservoirs or two different
processes are responsible for the chemical and isotope vari-
ation in chondrule silicates. This is also suggested by non-
systematic variations of Ca/Na with 6°°Si within individual
chondrules (Fig. 5e and 5f). Thus, the decoupling of minor
elements from 6°°Si suggests that the isotope fractionation

of Si is not directly related to the depletion of moderately
volatile elements in individual chondrules. Therefore, evap-
oration and incomplete condensation processes related to
the last chondrule formation event alone cannot account
for the variability of the 5°°Si data.

Experimental results suggest that at high temperatures
and low pressures, the partition coefficient of Ca between
olivine and silicate melt is higher than the partition coeffi-
cient of K (Taura et al., 1998). Therefore, higher K/Ca
(coupled to high §°°Si) in forsterite from BOC CH#2
compared to mesostasis likely results from two unrelated
processes. Because the olivine-melt equilibrium Si isotope
fractionation is negligible (Shahar et al., 2011), the varia-
tion of Si isotopes must have been caused by fractionation
of Si isotopes during gas-melt interaction. In CH#2,
mesostasis (low 9°°Si) tends to be more strongly altered
than forsterite, yet it has also lower K/Ca compared to
forsterite in CH#2, indicating that these values cannot
be simply related to the different degree of alteration of
mesostasis and forsterite. One possibility for this discrep-
ancy is that tiny glass inclusions in forsterite may have
contributed to the higher K/Ca ratio compared to
mesostasis.
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The radial pyroxene chondrule CH#3 and type 1 PP
CH#10 show a linear positive correlation of 6°°Si with
K/Ca, and a negative correlation with Ca/Na (Fig. 5¢
and 8b). These elemental and isotopic differences cannot
be explained only by evaporation and condensation or
alteration processes. The data on RPC CH#3 suggests that
heterogeneities of Si isotopes and volatile element concen-
trations in chondrule silicates were not established in a sin-
gle evaporative or condensation event. Rapid cooling of the
chondrule as indicated by its texture, permitted the preser-
vation of internal chemical and isotopic heterogeneities
(Supplementary Fig. EA1).

High K/Ca and low 6°°Si values in highly altered PC
may result from alteration in the nebula i.e. later addition
of volatile K and ?Si at temperatures lower than the forma-
tion temperatures of forsterite and enstatite (Fig. 8b). These
results suggest that the variable processing of chondrule
precursors led to different elemental and isotopic composi-
tions. In some cases, Si isotopes of olivine and the mesosta-
sis were equilibrated and in other cases equilibration may
have been incomplete or solid-melt-gas interaction in the
solar nebula caused differences in 6°°Si between olivine
and mesostasis. Olivine and mesostasis that are equilibrated
with each other likely had similar §°°Si but different K/Ca,
whereas olivine and mesostasis that experienced different
degrees of alteration likely had variable 9°°Si and K/Ca.
The variation of °°Si and K/Ca in Allende chondrule sili-
cates (Fig. 8b) suggest that both scenarios are possible.

To summarize, forsterite from chondrules of similar tex-
tures and chemical compositions from the Allende mete-
orite may have derived from precursors with variable (up
to 0.4%oc) Si isotope compositions. Alternatively, in case of
BOC and type I chondrules, alteration of forsterite in chon-
drules due to open system isotope exchange with nebular
gas may have introduced isotopic and chemical hetero-
geneities. The variation of 5°°Si in type IT and highly altered
opaque mineral-bearing porphyritic chondrules was likely
caused by the alteration of chondrule minerals by SiOg,
in the solar nebula, which may have been later overprinted
locally by aqueous alteration that mobilized matrix-derived
components (notably Fe) on the parent body.

4.5. Silicon isotope composition of bulk chondrules:
heterogeneity of precursors or mass dependent fractionation
in reservoirs?

Silicon, Mg, Fe and O are the major elements in chon-
drule minerals. Therefore, similar mass dependent isotope
fractionation of these elements should be observed in the
chondrule forming processes. Stable isotope ratios of Si,
Mg and Fe in chondrules vary by up to 1.5%0 (Molini-
Velsko et al., 1983; Young et al., 2002, Hezel et al., 2010;
Armytage et al., 2011, this work). In case of oxygen iso-
topes, '°0O-depleted and '°O-enriched mineral phases are
observed in Allende chondrules (Rudraswami et al.,
2011). These variations were explained by isotopic hetero-
geneity of precursor material followed by mass dependent
fractionation during the chondrule formation processes
and later alteration during parent body metamorphism.

The inter-mineral variation of 5°°Si between mesostasis
and olivine (—0.78%0) cannot reflect only equilibrium frac-
tionation during evaporation and recondensation, because
no systematic variations between 06°°Si and K/Ca are
observed in chondrule minerals (Fig. 8b). However, the sys-
tematically low 6°°Si in chondrule minerals with low Mg/Fe
in each chondrule suggests a role of gas—solid interaction
during chondrule formation such as recondensation of Fe
and isotopically light Si on crystallizing chondrules. There-
fore, both, non-equilibrium and equilibrium isotope frac-
tionation processes need to be invoked to explain the
variation of 8°°Si in chondrules of the Allende meteorite.

The variation of 9°°Si with Mg/Si can help in distin-
guishing equilibrium and non-equilibrium fractionation
effects (Dauphas et al., 2015). Forsterite (Mg/Si = 2) is
the most refractory phase among the chondrule minerals
and equilibrium fractionation between forsterite and gas
(with fractionation factor o > 1) results in positive correla-
tions of 6°°Si with Mg/Si (Fig. 5b and e). All porphyritic
chondrules fall in the §°°Si-Mg/Si ‘correlation range’ which
represents the interaction between 70-20% forsterite
(formed from equilibrium condensation of nebular gas,
details are given in the Supplementary Information) and
30-80% nebular gas. Individual analyses in Ch#15 suggests
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that different areas of the same chondrule represent variable
interaction between forsterite and Fe-rich gas.

The combined data suggests that the variation of 6°°Si in
chondrule silicates was predominantly controlled by solid-
gas equilibrium isotope fractionation during chondrule for-
mation, later interaction of mesostasis and chondrule rims
with more oxidized and 2%Si-rich nebular gas (non-
porphyritic chondrules) and further formation of
pyroxene-rich chondrules (CH#19, CH#10) by interaction
of nebular gas and forsterite. Finally, local exchange of
aqueous fluids from matrix during metamorphism around
chondrule rims and cracks have significantly affected the
5°°Si of chondrule silicates.

The systematically lower 8°°Fe (Hezel et al., 2010),
3*Mg (Young et al., 2002) and §°°Si (this study) in chon-
drule silicates from Allende, suggests that the nebular alter-
ation and local fluid transport during the parent body
alteration mainly caused kinetic isotope fractionation
between the fluid source and altered phases. Thus, high
temperature solid-gas equilibrium condensation and kinetic
fractionation during cooling and alteration in the nebula is
needed to explain the 8°°Si variation of the chondrule
silicates.

4.6. Implications for chondrule formation models

The main processes associated with chondrule formation
were repeated melting and evaporation of precursor dust,
recondensation of evaporated gas onto chondrule melt
and crystallization of minerals during cooling (Connolly
and Love, 1998 and references therein). All chondrule anal-
yses from this study show mass-dependent variations in
5%%Si-0%Si (Tables 1 and 2), suggesting that if any initial
mass-independent heterogeneities in Si isotopes were pre-
sent in chondrule precursors, then they must have been
erased by thermal processing and mixing processes. The
observed mass-dependent variations in 02°Si-6°°Si could
have been caused either by initial heterogeneity in the pre-
cursors stemming from equilibrium condensation between
refractory solids and gas or by kinetic isotope fractionation
between solid-melt-gas under non-equilibrium conditions.

If we assume that chondrule formation occurred at 1072
bar and dust enrichment of 100x to 1000x, then the forster-
ite condensation temperature increases (from 1336 K,
Lodders, 2003) to 1780 K and 1990 K, respectively (Ebel
and Grossman, 2000). Assuming, solid—gas equilibrium Si
isotope fractionation of gas of solar composition and
100x dust enrichment, and that nearly 60% of the Si con-
densed into olivine at 1780 K (Ebel and Grossman, 2000),
then the 6°°Si of forsterite is 0.32%0 and 6°°Si of remaining
gas is —1.0%o, which is similar to the observed §6°°Si varia-
tion in most silicates in this study. If nearly 80% Si con-
densed into olivine at 1620 K (100x dust enrichment), the
5%%Si of olivine is = 0.80%0 and §°°Si of remaining gas is
—0.80%o (for details see Supplementary Information section
1). The 5°°Si of remaining gas (—0.80%o0) is similar within
uncertainty to the fayalite rich olivine from this study,
which is the last silicate phase that might have formed by
condensation in fast cooling chondrules. A fraction of the
forsterite interacted with the nebular gas in an open system,

as a result chondrule silicates with variable 5°°Si formed in
the solar nebula with decreasing temperatures. Thus, the
end members forsterite and gas and their interaction prod-
ucts can explain the 5°°Si values of 99% of the data (except
only the lowest 6°°Si value of —1.28%0 from the highly
altered chondrule CH#12) obtained in this study.

The systematic behavior of 8°°Si and Mg/Fe in chon-
drules (Fig. 5a and 5b) likely reflects at least two different
processes, nebular and parent body alteration. At very high
cooling rates, the original Si isotope composition of chon-
drule precursors might not have changed significantly after
melting and evaporation. If the cooling rate was sufficiently
low to allow the Si in the gas to interact with the crystalliz-
ing chondrule melt, then re-condensed Si would be isotopi-
cally lighter than the chondrule melt. Previous studies
suggested that the Mg/Fe variation in the Allende meteorite
was caused by alteration in the solar nebula (Weinbruch
et al., 1990; Ikeda and Kimura, 1995; Kimura and Ikeda,
1997; Weisberg and Prinz, 1998; Hezel and Palme, 2008)
and/or by hydrothermal alteration on the meteorite parent
body (Housley and Cirlin, 1983; Jabeen et al., 1998;
Brearley, 1999). In the former case, some Fe in chondrule
rims may have been introduced by condensation of Fe from
cooling gas. Low temperature hydrothermal alteration
likely also resulted in an increase of the fayalite component
in olivine because the release of O from water ice and sub-
sequent oxidation of Fe-metal (Eq. (3)) to Fe*>", which was
incorporated in silicates, resulting in a decrease of the Mg/
Fe ratio of the latter. The extent of Si isotope exchange dur-
ing this process is not clear. Diffusion of Si at low temper-
atures is very slow in chondrule minerals, affecting a much
smaller spatial scale than our analyses (Dohmen et al.,
2002). However, the diffusion rate of Si in olivine is
enhanced by the presence of water (Costa and
Chakraborty, 2008). Thus, if Fe-rich olivine rims and veins
are formed during fluid-assisted transport of matrix mate-
rial during metamorphism, Si from matrix which is
enriched in the light isotopes might be incorporated into
chondrule rims and altered mineral phases. Therefore, the
variations in the Si isotope composition in chondrule min-
erals near to the rims and in veins may result from a com-
bination of nebular and parent body processes. As
discussed before, the difference between type I and II chon-
drules is mostly a result of the higher initial metal content
of type II chondrules and intense alteration of the latter
(Fig. 9a).

Results from our study show that mesostasis from chon-
drules with similar textures show different Si isotope ratios
(e.g. mesostasis-rich analyses CH#2-1 and CH#11-1 of
BOC CH#2 and CH#11, respectively). These variations
likely reflect variable interactions of chondrule minerals
with each other and with SiO gas in the solar nebula. If
Allende chondrules formed in a specific region of the solar
nebula, it remains unclear why some chondrules experi-
enced different degrees of equilibration after melting. One
possibility is due to variable cooling rates. Another possibil-
ity is that the nebular disk is denser at the x-y plane of the
disk compared to the z-axis and has a higher dust/gas ratio
(Weidenschilling, 1980). Because high temperature chon-
drule formation processes should have mainly occurred in
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Fig. 9. Depiction of the sequence and processes of Si isotope fractionation in chondrule silicates from the Allende meteorite. The chondrule
formation process produced melt from which early silicates with high 6°°Si and Mg/Fe crystallized. Because of evaporation of chondrule melt,
the nebular gas became slightly enriched in 2*Si and Fe. Caused by density differences, chondrules were separated from the gas and associated
dust, which may have formed a tail behind partially or fully crystallized chondrules. This early-formed ‘main chondrule population’ comprises
non-porphyritic and porphyritic metal-poor and metal-bearing type I chondrules. Remaining evaporated material in the tail was more
oxidized and richer in volatiles compared to the solidifying non-porphyritic and porphyritic type I chondrules. Interaction of this gas
(specifically Fe, SiO, and O) with *°Si- and Mg-rich chondrules may have formed type IT chondrules and minerals with lower 6°°Si and Mg/Fe.
Finally, parent body metamorphism may have overprinted these processes locally in altered chondrules.

the densest region of the nebula (Alexander et al., 2008;
Bischoff et al. 2017; Ebel et al., 2018 and references therein),
evaporated species in the gas might have separated from
solids due to differential drag during their rotation around
the sun. Such separation of gas may have occurred either
towards the vertical (z) axis of the disk or may have fol-
lowed the melt/solids (like in cometary tails) in the disk.
As an effect of this separation, some earlier formed chon-
drules may have separated from fine dust and gas and
resided in different denser clumps in the solar nebula until
the movement in the disk slowed and accretion began. In
such processing, different chondrules might have experi-
enced variable equilibration of Si isotopes with remaining
gas due to pressure gradient.

A schematic representation of this scenario to explain
the variation of 0°°Si in Allende chondrules is shown in
Fig. 9. The starting 8°°Si of Allende chondrules and matrix
is assumed to be CI-chondrite-like (step 1, Fig. 9), consider-
ing the fact that the 6°°Si of bulk Allende (—0.41 £ 0.07%o,
Armytage et al., 2011) is similar to the value of CI chon-
drites (—0.48 £ 0.09%0). The chondrule formation event
melted the precursor dust and initially forsterite-rich barred
olivine chondrules, and type I porphyritic (metal-poor and
metal-rich) chondrules were formed (step 2). The forsterite
in such chondrules shows high 6°°Si of up to 0.55%o, as an
effect of the equilibrium fractionation between initially crys-
tallized forsterite and gas at high temperature (>1700 K).
The highest 5°°Si, Mg/Fe and Mg/Si are recorded in olivine
of these chondrules. The remaining nebular gas became
more oxidizing with decreasing temperatures at this stage.
Type 11 and pyroxene-rich chondrules formed during the
interaction with 28Si-rich SiO gas and earlier formed solid
forsterite (step 3). The earlier formed metal-rich chondrules
begin to oxidize at more oxidising conditions prior to the

accretion of chondrule rims and matrix (as described in
equations (3) and (4)). Mediated by gas, the Fe-metal from
metal-rich chondrules is reacting with enstatite and forster-
ite to form Fe-rich solid solutions. Reactions and isotope
exchange with nebular gas occur under open system condi-
tions. Furthermore, after the accretion of chondrules,
matrix and ices to the Allende parent body, melting of ice
and open-system alteration with the aqueous fluids on the
parent body resulted in the local decrease of 5°°Si, Mg/Fe
and Mg/Si of some chondrule silicates (step 4). Accretion
of most of the mass from the same orbit into specific chon-
drite parent bodies might explain the limited variations in
5°°Si and element ratios in the different types of chondrules
and matrix, yet maintaining the complementarity of these
‘sub-reservoirs’ as indicated by CI chondrite-like ratios of
specific elements and isotopes observed in the bulk rock
of the Allende meteorite (Palme et al., 1992, 2015; Bland
et al., 2005; Dohmen et al., 2002; Hezel and Palme, 2008,
2010, Budde et al., 2016a, 2016b; Kadlag et al., 2019c).

To summarize, the Si isotope and element variations in
the chondrule minerals of the Allende meteorite are best
explained by heating and fractional crystallization pro-
cesses that occurred in the same heliocentric orbit at differ-
ent times and presumably at different locations. Short-term
heat sources for the melting of dust to form chondrules
could have been supplied by shocks driven by gravitational
instability, planetesimals bow shocks or solar nebula light-
ning (Iida et al., 2001; Ciesla and Hood, 2002; Desch and
Connolly, 2002; Morris and Desch, 2010).

5. CONCLUSIONS

The variation of 5°°Si values and major, minor and trace
element abundances in chondrule silicates determined at
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high spatial resolution reveal the processing of chondrules
in the solar nebula as well as on the Allende meteorite par-
ent body.

The variation of 9°°Si in chondrule silicates is less con-
trolled by the spatial position or chondrule size, but is
related to variations of the Mg/Fe ratio. Mg-rich olivine
and pyroxene in chondrules show higher 6°°Si compared
to Fe-rich olivine and pyroxene in the same chondrule.
The extent of depletion of volatile elements from chon-
drules (inferred from K/Ca) is independent of the Si isotope
fractionation of chondrule minerals. The limited variation
in 6°°Si (up to 1.8%0) in the chondrules, low 5°°Si in Fe-
rich phases and the correlation of §°°Si with Mg/Fe and
Mg/Si suggests that in some non-porphyritic chondrules
the variation of 6°°Si was predominantly controlled by
kinetic isotope fractionation during gas-melt/solid interac-
tion, whereas in porphyritic chondrules equilibrium isotope
fractionation was the dominant process. Thus, the varia-
tions of §°°Si and Mg/Fe ratios in different chondrules
resulted from the modification of chondrules in the solar
nebula, and, to variable extent, during later parent body
alteration in case of rims and altered phases with low
Mg/Fe.

The limited variation of 6°°Si in chondrule minerals sug-
gests that after evaporation of the chondrule melt at nebu-
lar dust/gas ratios, >90% of the Si was condensed back
onto the crystallizing chondrule melt. Alternatively, evapo-
ration of chondrule silicates occurred at high dust/gas
ratios (>100 times nebular value), which prevented the
kinetic isotope fractionation of chondrule precursors, due
to a higher ratio of ablation rate to diffusion rate (Young
et al., 1998).

The higher 6°°Si values in BOC silicates compared to PC
silicates are consistent with the higher cooling rates of BOC
compared to PC (Lofgren, 1989), reflecting differences in Si
isotope fractionation during evaporation/condensation
processes during the formation of these different chondrule
types. The relationships with textures suggest that the vari-
ation of 6°°Si between different types of chondrules is pre-
dominantly a nebular process which can be explained by
different extents of equilibrium and kinetic isotope fraction-
ation of Si isotopes during heating and cooling. Mg-rich
olivine with high 6°°Si compared to CI chondrites reacted
with Fe and SiO (that has a low 0°°Si compared to CI chon-
drites) in the gas and formed less refractory and *°Si-
depleted silicates.

Combined evidence from REE abundances and §°°Si
values in mesostasis suggests that the mesostasis continued
to interact with the nebular gas after higher partitioning of
REE into melt (that formed mesostasis) compared to solids
(e.g. olivine). Higher enrichment of siderophile elements
towards chondrule rims and the variation in the Pt/Pd
and Ni/Co ratios in different chondrules provides further
evidence for the expulsion of Fe-Ni metal, during chondrule
formation.

In summary, our in situ analyses of element concentra-
tions and Si isotope ratios within 21 chondrules from a
small area (ca. 4.9 cm?) of the Allende meteorite reveal
the complex formation histories of chondrules. The compo-
sition of some chondrules require variable maximum

temperatures or variable heating duration and cooling rates
and a variety of interactions of the chondrule minerals with
the nebular gas and further aqueous alteration on the par-
ent body. The complementary variations of Mg/Fe and
5°°Si in type I and type II chondrules compared to the
matrix (Kadlag et al., 2019; Chaussidon et al., 2020) sug-
gests that chondrules and matrix of Allende likely formed
from same reservoir in the solar nebula. These relationships
further suggest that Allende chondrules were formed by
heating of dust in the solar nebula and are not products
of planetesimal collisions.
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